Abstract. The Rule Interchange Format (RIF) is an emerging W3C format that allows rules to be exchanged between rule systems. Uncertainty is an intrinsic feature of real world knowledge, hence it is important to take it into account when building logic rule formalisms. However, the set of truth values in the Basic Logic Dialect (RIF-BLD) currently consists of only two values (t and f). In this paper, we first present two techniques of encoding uncertain knowledge and its fuzzy semantics in RIF-BLD presentation syntax. We then propose an extension leading to an 
interpretations discussed in this paper are limited to Fuzzy set theory and Fuzzy Logic (a multi-valued logic based on Fuzzy set theory); other types of uncertainty will be studied in future work.
The main contributions of this paper are: (1) two techniques of encoding uncertain information in RIF as well as an uncertainty extension to RIF; (2) an extension of DLP to Fuzzy DLP and the mapping of Fuzzy DLP to RIF. Two earlier uncertainty extensions to the combination of DL and LP that we can expand on are [21] and [22] . While our approach allows DL atoms in the head of hybrid rules and DL subsumption axioms in hybrid rules, the approach of [21] excludes them. Our approach deals with fuzzy subsumption of fuzzy concepts of the form C D c ! ! whereas [22] deals with crisp subsumption of fuzzy concepts of the form C D ! . Also, we do not limit hybrid knowledge bases to the intersection of (fuzzy) DL and (fuzzy) LP. We extend [22] and study the decidable union of DL and LP. In this paper, we only consider the Horn logic subset of LP.
The rest of this paper is organized as follows. Section 2 reviews earlier work on the interoperation between DL and LP in the intersection of these two formalisms (known as DLP) and represents the DL-LP mappings in RIF. Section 3 addresses the syntax and semantics of fuzzy Logic Programs, and then presents two techniques of bringing uncertainty into the current version of RIF presentation syntax (hence its semantics and XML syntax), using encodings as RIF functions and RIF predicates. Section 4 adapts the definition of the set of truth values in RIF-FLD for the purpose of representing uncertain knowledge directly, and proposes the new Uncertainty Rule Dialect (RIF-URD), extending RIF-BLD.
Section 5 extends DLP to Fuzzy DLP, supporting mappings between fuzzy DL and fuzzy LP, and gives representations of Fuzzy DLP in RIF and RIF-URD. Finally, Section 6 summarizes our main results and gives an outlook on future research.
$. Description Logic Programs and Their Representation in RIF
In this section, we summarize the work on Description Logic Programs (DLP) [2] and then show how to represent the mappings between DL and LP in RIF presentation syntax.
The paper [2] studied the intersection between the leading Semantic Web approaches to rules in LP and ontologies in DL, and showed how to interoperate between DL and LP in the intersection known as DLP. A DLP knowledge base consists of axioms of the following kinds: In RIF presentation syntax, the quantifiers Exists and Forall are made explicit, rules are written with a ":-" infix, variables start with a "?" prefix, and whitespace is used as a separator. Table 1 summarizes the mappings in [2] between DL and LP in the DLP intersection, and shows its representation in RIF. In Table 1,   1  2 , , , C D C C are atomic concepts, 1 2 , , , P R R R are atomic roles, R % and R & are the inverse role and the transitive role of R , respectively, and , , T a b are defined as above. Note that in DLP, a complex concept expression which is a disjunction (e.g. 1 
2
C C " ) or an existential (e.g.
.
R C '
) is not allowed in the right side of a concept subsumption axiom. 
Forall ?x (Exists ?y (And(R(?x ?y) C(?y))))
R x y P x y P x y R x y 
Forall ?x ?y (P(?x ?y) :-And(R 1 (?x ?y) R 2 (?x ?y))
%. Encoding Uncertainty in RIF
Fuzzy set theory was introduced in [23] as an extension of the classical notion of sets to capture the inherent vagueness (the lack of crisp boundaries) of real-world sets. Formally, a fuzzy set A with respect to a set of elements X (also called a universe) is characterized by a membership function ( ) A x * which assigns a value in the real unit interval [0,1] to each element x X + . ( ) A x * gives the degree to which an element x belongs to the set A . Fuzzy logic is a form of multi-valued logic derived from fuzzy set theory to deal with reasoning that is approximate rather than precise. In Fuzzy Logic the degree of truth of a statement can range between 0 and 1 and is not constrained to the two truth values, t and f , as in classic predicate logic [24] . Such degrees can be computed based on various specific membership functions, for example, a trapezoidal function.
In this section, we first present the syntax and semantics for fuzzy Logic Programs based on Fuzzy Sets and Fuzzy Logic [23] and on previous work on fuzzy LP [15, 16, 25] , and then propose two techniques of encoding the semantics of uncertain knowledge based on Fuzzy Logic in the presentation syntax of RIF-BLD using BLD functions and BLD predicates respectively.
%.1. Fuzzy Logic Programs
Rules in van Emden's formalism for fuzzy LP have the syntactic form 1 , ,
where , i H B are atoms, 0 n , , and the factor c is a real number in the interval (0,1] [15] . For 0 n ! , such fuzzy rules degenerate to fuzzy facts.
The fuzzy LP language proposed by [16, 25] is a generalization of van Emden's work [15] . Rules are constructed from an implication ( ( ) with a corresponding t-norm adjunction operator ( 1 f ), and another t-norm operator denoted by 2 f . A t-norm is a generalization to the many-valued setting of the conjunction connective. In their setting, a rule is of the form f as the product following Goguen implication and the operator 2 f as the Gödel t-norm (minimum), this is exactly of the form by van Emden [15] .
In the current paper, we follow this work and use the following form to represent a fuzzy rule. 
. In other words, such an interpretation can be separated into the following two parts [26] [27] [28] .
(1) The body of the rule consists of n atoms. Our confidence that all these atoms are true is interpreted under Gödel's semantics for fuzzy logic: 
Encoding Uncertainty Using RIF Functions
One technique to encode uncertainty in logics with equality such as the current RIF-BLD (where equality in the head is "At Risk") is mapping all predicates to functions and using equality for letting them return uncertainty values [29] . We assume that , i H B of the fuzzy rule of equation (2) from Section 3.1 contain variables in {?x 1 , …, ?x k } and that the head and body predicates are applied to terms t 1 … t r and t j,1 … t j,sj (1 j n / / ) respectively, which can all be variables, constants or complex terms. A fuzzy rule in the form of equation (2) ' ?c n ) ) ?c h =External(numeric-multiply(c ?c t )) ) ) ) Each predicate in the fuzzy rule thus becomes a function with a return value between 0 and 1. The semantics of the fuzzy rules is encoded in RIF-BLD using the built-in functions numeric-multiply from RIF-DTB [30] and an aggregate function numeric-minimum proposed here as an addition to RIF-DTB (this could also be defined using rules).
A fact of the form / H c can be represented in RIF-BLD presentation syntax as h(t 1 … t r )=c :-And(External(numeric-less-than(1000 ?y)) External(numeric-less-than-or-equal(?y 3000)))) Forall ?y( left&shoulder0k4k1k3k(?y)=0 :-And(External(numeric-less-than(3000 ?y)) External(numeric-less-than-or-equal(?y 4000)))) . . ) ) The Import statement loads the left&shoulder0k4k1k3k function defined at the given "<…>" IRI. 
Encoding Uncertainty Using RIF Predicates
Another encoding technique is making all n-ary predicates into (1+n)-ary predicates, each being functional in the first argument which captures the certainty factor of predicate applications. A fuzzy rule in the form of equation (2) 
Uncertainty Extension of RIF
In this section, we adapt the definition of the set of truth values from RIF-FLD and its semantic structure. We then propose a RIF extension for directly representing uncertain knowledge.
Definition of Truth Values and Truth Valuation
In previous sections, we showed how to represent the semantics of fuzzy LP with RIF functions and predicates in RIF presentation syntax. We now propose to introduce a new dialect for RIF, RIF 
Definition 1. (Set of truth values as a specialization of the set in RIF-FLD). In RIF-FLD, t /
denotes the truth order, a binary relation on the set of truth values TV . Instantiating RIF-FLD, which just requires a partial order, the set of truth values in RIF-URD is equipped with a total order over the 0 to 1 range. In RIF-URD, we specialize t / to / , denoting the numerical truth order. Thus, we observe that the following statements hold for any element , (1) The set TV is a complete lattice with respect to / , i.e., the least upper bound (lub) and the greatest lower bound (glb) exist for any subset of / . 
Using RIF-URD to Represent Uncertain Knowledge
A fuzzy rule in the form of equation (2) RIF-URD-compliant reasoners will need to be extended to support the above semantics and the reasoning process shown in Section 3.1. 
Fuzzy Description Logic Programs and Their Representation in RIF
In this section, we extend Description Logic Programs (DLP) [2] to support mappings between fuzzy DL and fuzzy LP; we also show how to represent such mappings in RIF-BLD and RIF-URD based on the three uncertainty treatment methods addressed in previous sections.
Based on Fuzzy Sets and Fuzzy Logic [23] , the semantics for fuzzy DL [12] and fuzzy LP [15] , as well as the previous work cited in Section 1 and 3, we extend the work on Description Logic Programs (DLP) [2] to fuzzy Description Logic Programs (Fuzzy DLP).
Since DL is a subset of FOL, it can also be seen in terms of that subset of FOL, where individuals are equivalent to FOL constants, concepts and concept descriptions are equivalent to FOL formulas with one free variable, and roles and role descriptions are equivalent to FOL formulas with two free variables.
A concept inclusion axiom of the form C D ! is equivalent to an FOL sentence of the form 
; therefore, a fuzzy concept inclusion axiom of the form
including the intersection of 1 C and 2 C can be transformed to an LP rule
. Here the certainty degree of (variable-free) instantiations of the atom ( ) D x is defined by the valuation ( , ) min{ ( , ) | {1, 2}}
+ . It is easy to see that such a fuzzy concept inclusion axiom can be extended to include the intersection of n concepts ( 2 n 6 ). Similarly, a role inclusion axiom of the form R P ! is equivalent to an FOL sentence consisting of an implication between two roles. Thus we map a fuzzy role inclusion axiom of the form R P c ! !
A concept equivalence axiom of the form C D " can be represented as a symmetrical pair of FOL implications:
As later examples
show, such mappings in hybrid knowledge bases are directed from rules to DL expressions, hence if we have two rules of the forms 
(. Conclusion
In this paper, we propose two different principles of representing uncertain knowledge, encodings in RIF-BLD and an extension leading to RIF-URD. We also present a fuzzy extension to Description Logic Programs, namely Fuzzy DLP. We address the mappings between fuzzy DL and fuzzy LP within Fuzzy DLP, and give Fuzzy DLP representations in RIF. Since handling uncertain information, such as with fuzzy logic, was listed as a RIF extension in the RIF Working Group Charter [18] and RIF-URD is a manageable extension to RIF-BLD, we propose here a version of URD as a RIF dialect, realizing a fuzzy rule sublanguage for the RIF standard.
Our fuzzy extension directly relates to Lotfi Zadeh's semantics of fuzzy sets and fuzzy logic. We do not yet cover here other researchers' semantics, for example, Jan Lukasiewicz's. Nor do we cover other uncertainty formalisms, based on probability theory, possibilities, or rough sets. Future work will include generalizing our fuzzy extension of hybrid knowledge bases to some of these different kinds of uncertainty, and parameterizing RIF-URD to support different theories of uncertainty in a unified manner.
Complementing the RIF-URD presentation syntax, XML elements and attributes like <degree>, @mapkind, and @kind, following those of Fuzzy RuleML, can be introduced for the RIF-URD XML syntax. Another direction of future work would be the extension of uncertain knowledge to various combination strategies of DL and LP without being limited to DL queries.
